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ABS T RAC T 

A -9 
A survey has been made of possible missions to the as te ro id  

belt, and to as teroids  whose orbits bring them in close proximity to  the 

Earth. Experimental  techniques for  elucidating the scientific questions 

associated with the asteroids  have been examined, and suitable experi-  

mental  packages fo r  the various missions outlined. 

The guidance requirements for as te ro id  missions have been 

examined in some detail, a s  this is undoubtedly a c r i t i ca l  a r e a  in the 

formulation of such missions.  

quirements for the ta rge t  bodies considered have been made, and the 

Specific calculations on the guidance r e -  

resu l t s  a r e  tabulated in an appendix. ~~~*Le,z 
Five missions in all have been considered, one to  t r ave r se  the 

as te ro id  belt  and measu re  solely the mass distribution, and the o thers  to 

Eros,  Ce res ,  Icarus ,  and Vesta. The importance of the prel iminary 'fly- 

through' mission is s t ressed ,  so that spacecraft  coll ision cross-sect ions 

may be calculated for subsequent missions. Three  hypothetical launch 

vehicles a r e  postulated, whose performance covers  the range available 

with cu r ren t  generation vehicles. 

these vehicles to Eros ,  Ceres ,  and Vesta a r e  possible, and the possibility 

of a r e tu rn  mission f r o m  Vesta is suggested. 

It is shown that landing missions using 
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A payload for  any fly-by mission is compiled, taking into account 

power and t ransmiss ion  requirements,  meteoroid shielding, guidance and 

control demands , spacecraf t  s t ructure ,  and the experimental  package. The 

necessi ty  for  terminal  propulsion on Eros, Vesta, and Icarus  missions is 

discussed, and the weight penalty involved is estimated. 

an ex t r a  high performance final stage for injection into the t ransfer  conic 

orbit  f r o m  a nominal 300 N. M. parking orbi t  is shown to increase the 

versati l i ty of any launch vehicle significantly. 

possible with and without this stage is given below. 

The addition of 

A summary  of the miss ions  

POSSIBLE ASTEROID MISSIONS 

Vehicle 

Vehicle A 
(escape capability 
500-750 lbs. ) 

Vehicle B 
(escape capability 
2000 - 3000 lbs. ) 
Vehicle C 
(escape capability 
6000-7000 lbs. ) 

Vehicle A + High 
Per formance  Stage 

Vehicle B t High 
Per formance  Stage 

Vehicle C t High 
Per formance  S t a  ge 
Isp = 440 

Isp = 440 

Isp = 440 

Fly-By (lbs.  ) 

Eros  Ceres  Icarus Vesta 

- -  600 - -  

- -  2, 800 700 

F 
X 
w - -  5,500 1,000 
I+ 

1,000 3,900 1, 300 w 
w 
VI 

1, 600 6, 600 2, 200 

5, 500 23,400 7, 300 

Lander (lbs,  ) 

E r o s  Ceres  Icarus  Vesta 

- -  

- -  

60 

40 0 

600 

; 100 

- -  100 

r 9  
X 

I+ 
- -  w 150 

200 w w 
200 350 

130 

VI 

700 1,100 
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A SURVEY OF MISSIONS TO THE ASTEROIDS 

1. INTRODUCTION 

The Asteroids,  o r  Minor Planets, present  a number of basic  

questions of major  scientific interest ,  both a s  applied to the origin of the 

so l a r  system, and to the evolution of the as te ro id  belt itself. In addition, 

investigation of the collision cross-sect ion between the dust in  the belt and 

future space vehicles is essent ia l  before missions to the outer planets can 

be considered. 

unknown, but the incidence of l a rge  bodies, of diameter  100-1000 m e t e r s  

is a l so  the subject of much speculation, ( ”  2, On the basis  of the s p a r s e  

data available it has  been hypothesized that lo5 to 10 bodies in  the range 

I 

Not only is the distribution of smal l  par t ic les  in  the belt I 

6 I 
100-1000 m e t e r s  diameter  pass within 0. 2 AU of the Ea r th  every year  (3)  , i 

c 
I 
l 

and this is over 2 AU f r o m  the center of the as te ro id  belt. I 
1 

This report  is the second i n a  s e r i e s  of studies intended to pro-  

vide an outline of possible missions to targets  within the so la r  system. 

is aimed a t  providing sufficient depth to revea l  the basic  difficulties and 

c r i t i ca l  a r e a s  associated with such missions, and to enable an  overall  com- 

parative appra isa l  of the various mission configurations to  be made. 

not intended however that this repor t  be considered as a detailed mission 

study in which the consideration of trade-off parameters  and optimization 

techniques has  been pursued to  i ts  logical conclusion, 

It 

It is 

I t T  R E S E A R C H  I N S T I T U T E  
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Preceding these repor t s  on missions to  specific ta rge ts  is a 

second s e r i e s  of repor t s  dealing exclusively with the scientific questions 

associated with the targets.  

of i ts  companion volume "The Scientific Objectives of Deep Space Explor- 

a t i ~ n " ! ~ ) .  However, the resul ts  of this la t ter  document a r e  summar ized  

here  for completeness,  and in addition the orbital  and physical data for  

some of the bet ter  known asteroids  a r e  l is ted in Tables 1 and 2. 

This report  will draw heavily f r o m  the results 

I I T  R E S E A R C H  I N S T I T U T E  
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2. THE SCIENTIFIC QUESTIONS ASSOCIATED WITH THE 

ASTEROIDS 

The origin and nature of the as te ro ids  has been the subject of 

much speculation, leading to a variety of scientific questions, which, when 

answered will lead to a more  informed opinion on the origin of the so l a r  

system. The most important of these questions (from- a purely scientific 

point of view) a r e  as follows: 

a. 

b. 

C. 

d. 

e. 

f .  

g. 

h. 

i .  

j .  

Are  any of the l a rge r  minor planets original planetary 

condensations ? 

What is the chemical constitution of the as te ro id  be l t ?  

What is the mass distribution of the be l t?  

Is there  a distinct connection between the as te ro ids  

and the meteor i tes?  

What is the density of the asteroids ,  especially the 

l a rge r  bodies ? 

Can evidence of the degree of accret ion of par t ic les  

in the belt be found? 

l a rge r  bodies be shown to have origin by accre t ion?  

What is the age of the asteroid be l t ?  

Is there  any evidence for a biological his tory on the 

asteroids  ? 

Is there  a magnetic field associated with the as te ro ids  ? 

What is the nature of the surface of the asteroids  ? 

In particular can  any of the 

According to  Kuiper, any body of as teroidal  mass  with small 

eccentr ic i ty  and inclination whose orbit l ies  within 4 AU, must have been 

within that l imit  ever  since the mass  of Jupi ter  reached i t s  present  value. 

I I T  R E S E A R C H  I N S T I T U T E  
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One added reason  for investigating bodies like Ceres ,  Pal las ,  o r  

Vesta therefore ,  which have orbits inside 4 AU, is that doing so increases  

the probability of the as te ro id  under examination being an original member  

of the belt. 

The asteroids  suspected of being collision fragments ,  in general, 

a r e  ha rde r  to  detect because of their  smal le r  s ize ,  with the one notable 

exception of Juno (204 km) which orbits between 2 and 3. 3 AU. 

noted that evidence of fragmentation among as te ro id  bodies is given by the 

variation in the apparent magnitude of the body as it rotates.  

it  could be argued, would occur if the asteroid had a patchy surface with 

widely differing albedos. 

It should be 

This variation, 

Such an interpretation would necessi ta te  an 

accompanying change in color with rotation, which however, has  not been 

~ b s e r v e d ' ~ ) ,  and therefore,  the interpretation that these bodies must  be 

i r regular ly  shaped is widely accepted. 

The bulk of the asteroid mass known s o  far l ies  between 2 and 

3.  5 AU, with orbital  inclinations mostly between t 10" as demonstrated in 

F igures  1 and 2. 

taken up by the la rges t  body, Ceres.  

Approximately one third of this mass is known to be 

It is generally agreed that whatever mechanism is chosen for  the 

origin of the asteroids ,  there  has  since been a continuous grinding process  

by multiple collisions, in par t icular  Piotrowsky(6) has  calculated the colli- 

sion probability fo r  as teroids  of varying size,  inclination and eccentricity. 

This process ,  he concludes, leads to  the regenerat ion of the sma l l e r  particle 

population, which would otherwise have been c leared  by the Poynting- 

Robertson effect, by which smal l  particles a r e  gradually caused to sp i r a l  

into the Sun. . ,  

1 1 T  R E S E A R C H  I N S T I T U T E  ' 
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BY DISTANCE FROM THE SUN: No. O F  ASTEROIDS P E R  
GROUP VS DISTANCE FROM THE SUN ON 1/1/65 

I I T  R E S E A R C H  I N S T I T U T E  

- 8 -  



.07 

. O b  

. 0 5  

. 0 4  

.03 

. 0 2  

. 0 1  

0 

55 

12 a s t e r o i  

1 O( 

is teroids - 

f 

asteroid 

-I 

1 

I 

B (degrees)  

L: 
Fig. 2 1563 NUMBERED ASTEROIDS GROUPED TOGETHER 

B Y  HELIOCENTRIC LATITUDE: No. O F  ASTEROIDS P E R  
GROUP VS LATITUDE OF THE GROUP ON 1/1/65 

I I T  R E S E A R C H  I N S T I T U T E  

- 9 -  



Considerable evidence is accumulating to indicate the presence 

of l a rge  collision fragments  in  the belt, and the verification of their  

presence by a space probe, although a major  achievement would not by it- 

self cause a g rea t  deal of su rp r i se  in the scientific world. What would be 

of in te res t  however, on such a mission, would be the study of the f r ag -  

~ ~ - e z t e d  sinface, 2nd the effects of z~s i l i i c  and asteroidal erosion. 

doubtful whether an examination b y  a fly-by experiment of such a surface 

could revea l  information about anything m o r e  than the first few cent imeters  

of surface depth. 

it  seems 

The age of the as te ro id  belt since fragmentation is a parameter  

not open to  d i rec t  scientific measurement,  although measurement  by inter-  

fe rence  is certainly a possibility, using the degree of surface erosion, o r  
I 
I the radioactivity of the bodies as a guide. 

In view of the many e ~ p e r i r n e n t s ' ~ )  to establish the presence of 

i biological organisms in the chondritic meteori tes ,  and the long association 

I between meteori tes  and the as te ro id  belt it  would be of ex t reme interest  to 

detect the presence of a biological history on the as te ro ids ,  This investi-  

gation could only be performed by a fairly sophisticated analysis of asteroidal 

mater ia l ,  which is best  conducted by a lander,  s ince the sample collected 

by any other  type of mission would be small  and of mixed origin. 

It would be of considerable interest  t o  be able to m e a s u r e  the 

m a s s  and s ize ,  and hence the density, of any of the asteroids .  From this 

information, an informed guess could be  made a s  to the composition and 

s t ruc tu re  of the bodies, and consequently their  origin. 

I I T  R E S E A R C H  I N S T I T U T E  
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The major  objectives of any mission family to the asteroid belt 

can  be l i s ted  as follows: 

a. 

b. 

To determine the m a s s  distribution in the belt. 

To detect a n  original non-fragmented major  as teroidal  

body, and obtain information about i ts  internal  con- 

s t ruct ion and mass. 

To inspect an as te ro id  suspected of being a collision 

fragment,  e i ther  by fly-by o r  lander,  determine i t s  

sur face  erosion since fragmentation, density and 

internal construction and mass. 

c. 

d. To analyze a sample of asteroidal mat te r ,  determine 

i ts  chemical  constituion (and density). 

To find evidence for the existence of a biological 

his tory in the belt, (detection of hydrocarbons, 

organic acids,  etc. ) 

e. 

2. 1 Possible Experiments  fo r  Asteroid Missions 

The following experiments are suggested a s  being necessary  to  

accomplish the scientific objectives outlined in  the previous section. 

a. 

b. 

C. 

d. 

e. 

f .  

g. 

h. 

i .  

Experiments  t o  determine mass distribution 

Optic a1 experiments 

Radar experiments  

Chemical analysis  of the dust par t ic les ,  for  both 

organic and inorganic constituents 

Television 

Se is mic experiments 

Mass and density measurement 

Magnetic measurements  

Tempera ture  measurements 

I I T  R E S E A R C H  I N S T I T U T E  
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2. 1. 1 Measurement of Mass Distribution 

It has been suggested(8) that the collision c ross -sec t ion  

r 

f o r  a spacecraf t  passing through the belt could be determined by tracking 

optically the passage of one o r  m o r e  passive balloon type probes injected 

into the belt, and noting the perturbations produced by collision with asteroidal  

par t ic les  in i t s  trajectory.  

i t  is concluded that an entirely passive sys t em would not be an  economical 

configuration. 

This concept is discussed in Appendix I, where 

A more  efficient method of utilizing a given payload would 

be to employ a balloon of the type that hardens under exposure to  the space 

environment and use  i t s  surface as a diaphragm for  a conventional micro-  

meteori te  counter, te lemeter ing the information back. This configuration 

mere ly  uses  the balloon to  increase  the encounter probability. 

The dynamic range of micrometeori te  energy measuring 

ins t ruments  is decidedly limited. 

ed  is of course  a function of the particle s ize ,  

The actual number of par t ic les  encounter - 

Assuming the majority of 

the  as te ro ida l  mass not accounted for by C e r e s  is invested in dust par t ic les ,  

the var ia t ion of encounter r a t e  with particle s ize  is a s  follows ( see  page 35) .  

Par t ic le  s ize  

10 v 

Encounter ra te  per  square  me te r  
of spacecraf t  .frontal a r e a  ::: 

4,OOO/sec 

100 p 4/sec 

1 c m  20/week 

:k Density assumed to be that of the stony meteori tes .  

I I T  R E S E A R C H  I N S T I T U T E  
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It can  b e  seen  that the collision probability is a s teep  function of the par t ic le  

s ize ,  and a pract ical  figure can only be derived by assuming that which one 

is trying to investigate, namely the particle s ize  distribution, o r  alternatively 

using a par t ic le  detector of ve ry  wide dynamic range. 

Conventional micrometeori te  detection can of course  be employed, 

but unless a l a r g e  collector area is used ( say  2 square  meters ) ,  the r i s k  

remains  of encountering too small a number of par t ic les  to  give a c l ea r  indi- 

cation of the mass distribution. This would certainly happen if the d i s t r i -  

bution is weighted away f r o m  the smaller  par t ic le  s izes .  

2. 1. 2 Optical Experiments 

Measurement of the size and population of small par t ic les  

by photometric and polarization experiments has  been well  i l lustrated by the 

many observations conducted on the zodiacal light!91n which the sunlight 

sca t te red  f r o m  dust par t ic les  inside the ea r th ' s  orbit, 3 p  to  300p in s i ze  is 

examined for spec t ra l  anomalies, and polarization. The density of these 

-14 3 part ic les  is of the o rde r  10 particles / c m  . 
of particle densit ies in the as te ro id  belt, one only has  to  a s sume  that 10 

to  

To postulate the same o r d e r  

- 4  

of the total as teroidal  mass is invested in small par t ic les  (with 

distribution centered around 100 p say ) ,  an assumption which does not s e e m  

unreasonable. The inclusion of a spectrometer  and photometer in the experi-  

mental  package to  measu re  the difference between the forward  sca t te red  

light and the incident sunlight, can be used to provide information on the 

density of very  small par t ic les  (of the order  of the wavelength of the incident 

light, 0. 1 to  0. 5 ~ ) .  

of that on Earth,  the intensity of forward sca t te red  light should s t i l l  be 

Although the solar intensity a t  3 AU is only one ninth 

I I T  R E S E A R C H  I N S T I T U T E  
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sufficient for  measurements ,  especially s ince the particle density will i f  

anything increase  as the as te ro id  belt is approached. 

Once inside the belt, detection of l a rge r  bodies becomes a 

lander  mission, which enables the mass and density of the body to  be tal- 

problem which is probably best  solved by e i ther  r ada r ,  o r  i ts  optical 

equivalent using a pulsed l a s e r  t ransmi t te r ,  The inclusion of a r a d a r  type 

ment. 

of experiment can se rve  other uses  as w e l l .  

2. 1. 3 Radar Experiments 

The inclusion of an experiment using r ada r  principles is 

- 14 - 

F 

not difficult to  justify on any asteroid mission. F i r s t ly ,  range data a t  target  

encounter coupled with the angular diameter presented to the spacecraft ,  is 

I There  appears to be no reason why the same experiment comman - 
ded into a cru ise  mode should not examine the distribution of la rge  particles.  

By slightly defocussing the antenna feed, (o r  interposing a convex lens in 

the case  of a l a se r ) ,  the field of view can be made as broad as is des i red  

a t  the expense of useful range, without the inclusion of a separa te  s teer ing 

mechanism for  the antenna, since in the encounter mode, the whole space-  

c ra f t  would almost  certainly be required to  'look' at the asteroid,  t o  enable 

spectrographic  and radiometric measurements  to  be made. 

However, scanning r a d a r s  a re  well within the s ta te  of the a r t ,  and 

the only reason  for excluding a scan capability on such a r a d a r  would be 

to  conserve  payload space weight or  power. The usefulness of this technique 

I I T  R E S E A R C H  I N S T I T U T E  



is examined i n  Appendix 11, and the results of the calculation appear i n  

Table 3. 

2. 1. 4 Chemical Constitution 
. 
\ 

Analysis of the dust and small par t ic les  in the asteroid 

belt, or be t te r  st i l l ,  analysis of mater ia l  f r o m  a l a r g e r  solid body is an 

objective of pr ime scientific interest ,  providing considerable evidence fo r  

the long association of meteori tes  with asteroids ,  and even m o r e  important, 

giving significant data f r o m  which the theories concerning the his tory and 

origin of the asteroids  may be substantiated. 

A variety of techniques a r e  available for  this analysis,  some of 

the most  suitable a r e  l is ted below: 

(a) The rma l  neutron activation, in which the sample 

is i r rad ia ted  f r o m  a neutron source,  and the gamma 

ray  spec t rum due to the art if icially induced radio- 

activity is subsequently analyzed, thus enabling 

the atomic constituents in the sample to be identified. 

(b) Neutron capture gamma ray  analysis,  in  which the 

sample is i r radiated by an  intense source  of 

neutrons ( lo4 - 10 /cm2. sec)  and the capture  

gamma ray  spectrum observed simultaneously. 

This method identifies most  of the atomic con- 

8 

sti tuents present in meteorites with e a s e  ( l o ) ,  in 

par t icular ,  the presence of hydrogen (and the re -  

fore  water)  is detectable with concentrations of 1 
4 par t  in 10 by weight, 

( c )  Differential thermal  analysis,  in which the sample 

is heated and allowed to cool, i ts  t empera ture  being 

carefully measured  throughout the cycle. 

experiment compounds a r e  identified by the effects 

of their  phase changes on the tempera ture  gradient. 

In this 

I I T  R E S E A R C H  I N S T I T U T E  
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Table 3 

THE SENSITIVITY O F  A 1 K W  PULSED RADAR 

SYSTEM WITH 35 DB ANTENNA 

Radius of Viewing Circ le  Range Particle s i z e  Name if any 

190 m e t e r s  3 . 8  k m  1 cm 

600 m e t e r s  12 k m  10 c m  

1.9 k m  38 k m  1 meter  

75  k m  1500 k m  1.4 k m  Icarus 

350 k m  7000 k m  2 2  k m  E r o s  

1 ,500  k m  30,000 k m  380 k m  Vesta  

2 ,250  k m  45, 000 k m  765 km C e r e s  

I I T  R E S E A R C H  I N S T I T U T E  
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( d) G a s  chromatography, in which the sample has  to 

be t r ans fe r r ed  to a sealed sys t em and heated to 

seve ra l  hundred degrees Centigrade. 

components in the sample vaporize,  the vapor 

being forced through a s e r i e s  of analytical columns, 

where their  passage is impeded for  a n  interval  of 

t ime unique to each component. This technique is 

par t icular ly  sensitive to the presence of organic 

compounds, the minimum detectable quantity being 

3 x 10-l '  gm molecules fo r  some 30 organic com-  

pounds, and the dynamic range of the instrument 
4 being 10 . 

Any volatile 

An experiment of this type has  a l ready 
been developed for  the Surveyor project. (11) 

(e)  X-ray fluorescence,  in which the sample is bom- 

barded with x- rays  of suitably high energy to excite 

e lectron transit ions in the sample (notably K and L 

shel l  transitions). The emiss ion  (fluorescent) 

spec t rum generated as the electrons re turn  to their  

unexcited s ta te  identifies the elements present. 

The method is capable of detecting elements  occurr ing 
6 in  the sample to  the extent of 1 par t  i n  10 . 

( f )  Alpha Scattering, in which the sample is bombarded 

with alpha par t ic les ,  and the energy spec t rum of the 

sca t te red  particles is measured.  

an  analysis of the elements present  in the sample is 

possible. 

sensitivity to sample contamination however. In 

addition the presence of any residual  a tmosphere 

(g rea t e r  than 1 0 ~  Hg) would a l so  produce e r r o r s  

in the experimental  results. 

analyzes the top few microns of the sample,  and 

therefore  sample manipulation is again called for. 

F r o m  this spectrum, 

The technique suffers  f r o m  ext reme 

Finally the method only 



Other methods a r e  possible but suffer f r o m  charac te r i s t ics  

which make them unsuitable for an asteroid mission. 

x - r ay  diffraction 

ma te r i a l s ;  and mass spectrometry and emiss ion  spectroscopy both of which 

would requi re  considerable manipulation of the sample. 

Among these a r e  

which is particularly suited to analysis of crystal l ine 

Of the techniques considered, neutron Fapture gamma ray analysis 

appears  to be promising for  inorganic analysis,  being both sensit ive and 

reliable.  F o r  the detection of organic compounds, the gas chromatography 

experiment has  by far the most impressive capability. 

One important parameter  however which will affect the choice of 

experiment  is the degree of sample manipulation entailed in each technique, 

and in  this respect  gas chromatography does not show up in a good light. 

2. 1. 5 Television 

The details  of a television subsystem for  an asteroid 

mission depend solely on how close the spacecraf t  can  approach the target ,  

and the amount of observation t ime available a f te r  encounter. 

suggested that the observation t ime should be extended as much as possible 

by the 'use of terminal  maneuvers,  but in the case  of Ce res  for  example, the 

approach velocity is so high that to reduce i t  to z e r o  would ve ry  possibly be 

uneconomical, and so in this c a s e  would requi re  a high speed, high sensitivity 

television sys tem (probably image orthocon) to make the usable observation 

t ime a maximum. 

t a rge t  under consideration. 

It has been 

The resolution required is very  much a function of the 

While a 1 k m  element may be  highly informative 

for  Ceres ,  the same  resolution would not be  sufficient for  E r o s ,  where it 

is details  of the fragmental  surface that a r e  of in te res t  and the target  body 

is small anyway. 
I I T  R E S E A R C H  I N S T I T U T E  



If one assumes  a miss distance of 1, 000 k m  for  an E r o s  fly-by 

I I I T  R E S E A R C H  I N S T I T U T E  

I 
fo r  example, a modest  system, using a 512 line orthocon tube, and working 

a t  a focal length of 44 cm,would have a resolution of 100 m e t e r s  at  the s u r -  

face of the asteroid.  

duced to  10 m e t e r s  without undue difficulty. 

By using m o r e  sophisticated optics this could be r e -  

The development of promising 

new image tubes (e. g. , the secondary electron conduction vidicon) with ve ry  

low illumination requirements  means that these higher resolution sys tems 

involving long focal lengths can  be achieved without resor t ing to  physically 

la rge  aper tures  and therefore  heavy camera  systems.  

F o r  a body the s ize  of Ceres  (+760 km) the g ross  surface fea tures ;  

maria, c r a t e r s ,  r i f ts  etc. , could be identified f r o m  a much g rea t e r  distance 

with the above system. To at ta in  similar resolution to that presently 

attainable on the lunar surface,  ( ~ 1  km) a miss distance l e s s  than 100, 000 

k m  sufficient, in conjunction with a 440 c m  optical sys t em is required.  

I With the advent of Ranger, Surveyor,  and Voyager, such flyable systems 

I appear  to  be well within the s ta te  of the a r t .  

2. 1 .  6 Seismic Experiments 

I 

1 
I 

Seismic experiments, f r o m  an as te ro id  lander a r e ,  in 

theory,  capable of indicating the presence of an as te ro ida l  crust, or  core ,  

o r  both, and of measuring the density distribution with depth. Microseismic 

activity should provide some measure  of the thermal  s t r e s s e s  generated as  

I 

I 

I 1 

the body rotates  in sunlight. 

excitation to enable their  frequency to be detected. 

detectable a tmosphere on the asteroids,  and hence no weather,  the mic ro -  

s e i smic  noise level wi l l  be low, making possible the use of high magnification 

Meteoric impacts  may a l so  provide sufficient 

Since there  is no 



instruments.  The actual performance figures , frequency passband, 

sensitivity w i l l  depend very much on the s ize  of the target  as teroid,  and the 

method of landing and deploying the seismometer.  A se ismometer  suitable 

for  hard  landing on the surface of the Moon as discussed in detail  by Lehner  

et  

10 

l e s s  than 5 lbs. 

and it is concluded that an  instrument having a gain grea te r  than 

6 can be constructed to withstand landing shocks of 3000 G, and yet weigh 

2. 1. 7 Mass and Density Measurement 

Since the spacecraf t  w i l l  be in f r e e  fall conditions on en- 

counter, conventional gravimeters  will not be feasible. 

as teroid can  be deduced however f rom the accelerat ion of the spacecraf t  

towards it a f te r  the terminal  maneuver. This,  in turn, can  be  calculated 

The m a s s  of a given i 
I 

f r o m  the r ada r  a l t imeter  readings. Simultaneous optical measurements  on 

the as te ro id ' s  s ize  yields sufficient data to  calculate the density. 

2. 1 .  8 Magnetometers 

Measurement of the interplanetary magnetic field is always 

of considerable interest ,  since no really substantial  measurements  with a 

supporting theory a r e  available a s  yet. 

s e r v e  the dual purpose of detecting any turbulence in the magnetic field 

between 1 AU and 3. 5 AU and would also detect any trapped magnetic field 

in the t a rge t  asteroid. 

Magnetometer, which handles a range of 1 y to  300 y without undue difficulty. 

The magnetometer would therefore  

The instrument suggested in the Rubidium Vapor 

I I T  R E S E A R C H  I N S T I T U T E  
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2. 1 .9  Temperature  Measurement 

The equilibrium temperatures of rotating bodies with no 

internal heating in the asteroid belt  range typically f r o m  140" K to  200" K, 

and may be conveniently measured  b y  a microwave radiometer  working i n  

the region 1 mm to 20 mm. 

I I T  R E S E A R C H  I N S T I T U T E  
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Table 4 

SUMMARY O F  POSSIBLE EXPERIMENTS FOR 

ASTEROID MISSIONS 

- . __ 

Expe r ime  nt Mass  Average 
Power Consumption 

1. Photometer to  detect small 
par  tic le s 

2. X-Band r ada r  a l t imeter  and large 
par t ic le  detector + 35 db antenna 

3. 

4. 

5. 

6. 

7 .  

8. 

Neutron capture  gamma ray 
analyzer 

Gas  chromatograph 

Television (512 lines, 440 cm, 
focal length optics) 

Seismic experiment 

Magnetometer 

Mic r owave r adiome te r 

10 lbs. 

30 lbs. 

40 lbs. 

15 lbs. 

25 lbs. 

5 lbs. 

10 lbs. 

10 lbs.  

5 W (1000-5000 i) 

15 W (X-Band) 
continuous 

10 w 

15 W 

20 w 

5 w  

5 w  

1 w  

Total 

~ 

145 lbs. 7 6  W 



3. GUIDANCE FOR ASTEROID MISSIONS 

position be essentially zero. 

ance activit ies that may generally be termed intercept  and rendezvous. 

We a r e  thus dealing with a sequence of guid- 

The accepted procedure of dividing the guidance problem into the 

injection, mid-course,  and terminal  phases is certainly valid in this case.  

The purpose of injection guidance is to es tabl ish the spacecraf t  on a coasting 

t ra jec tory  that will intercept the target as te ro id  in i t s  orbit  a t  a given time. 

Since the injection guidance sys tem cannot be expected to  per form perfectly,  

the e r r o r s  incurred at injection will cause a subsequent deviation f r o m  the 

des i red  t ra jectory,  thereby result ing in ta rge t  position e r r o r s .  

unreasonable to assume that, a t  least  for some time to come, injection 

guidance will not be sufficiently accurate to permit  the position e r r o r s  to  go 

uncorrected.  Hence, i t  will be necessary to provide for  one or  s eve ra l  

mid-course correct ions in o rde r  to place the spacecraf t  back on course.  

is expected that mid-course guidance can be accomplished, for  the most  

par t ,  by DSIF ear th-based tracking, orbit determination, and command. 

It is not 

I 

It 

I I T  R E S E A R C H  I N S T I T U T E  
I 
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3. 1 General Considerations 

A s  interplanetary mission objectives become more  demanding, 

the role played by guidance becomes increasingly complex and significant. 

The as te ro id  mission presents  a case  in point. Basically, the function of 

guidance is to insure delivery of the mission payload to the near vicinity 

of the ta rge t  as te ro id  within an accuracy tolerance consistent with meeting 

the specified scientific objectives. 

that the payload be placed within several  hundred to seve ra l  thousand kilo- 

m e t e r s  f r o m  the surface of the asteroid, and that i ts  relative motion a t  this 

Such objectives would normally require  



Although there  does not appear t o  be a s t rong requirement  for  a completely 

self -contained mid-cours e guidance system, this point will require  fur ther  

e xaminat i on. 

In addition to providing for velocity matching a t  the target,  

t e rmina l  guidance may be required to cor rec t  the residual  position e r r o r s  

remaining af te r  the mid-course maneuver. 

sources  ; tracking inaccuracy, inaccuracy in  controlling the magnitude and 

direction of the mid-course impulse, and inaccurate knowledge of the 

a s t e ro id ' s  orbital  parameters .  

special  attention and considerable improvement. 

and orbi ta l  prediction effort will probably be required p r io r  to  an  actual  

launch. 

These e r r o r s  a r i s e  f rom three 

This latter source of e r r o r  will require  

An intensified observational 

Termina l  guidance takes place near  the destination, say within 

one million ki lometers ,  and is generally based on navigational observations 

of the asteroid.  

in  evidence. 

the a s t e ro id  mission wi l l  be re la ted to the instrumentation required for  

Here,  the requirement for  an on-board guidance sys t em is 

Perhaps the most difficult guidance problem associated with 

i 

detection and navigational measurements.  

Guidance analysis has been undertaken within the scope of advanced 

mission studies in o rde r  to determine preliminary es t imates  of propulsion 

and senso r  requirements,  and to  identify specific problem a r e a s  that should 

be studied in grea te r  detail. A discussion of the mid-course and terminal  

guidance calculation is given in Appendix 111, however a summary  of the 

calculat ionas applied to four specific target bodies is presented in the 

following section. 

I I T  R E S E A R C H  I N S T I T U T E  
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3. 2 Summary of Mid-Course Guidance Results for  Missions to 

Ceres ,  Vesta, Icarus ,  and Eros 

3. 2. 1 Injection E r r o r s  Assumed for  Study 

The proper way of determining injection (launch) e r r o r s  is 

to  conduct a detailed e r rDr  analysis  of the injection guidance system. This 

involves designating each source  of hardware e r r o r  and generating launch 

t ra jec tor ies  fo r  each mission. Obviously, this type of complete simulation 

is not within the scope of the present  study. The s impler  method adopted 

was to  a s s u m e  e r r o r s  in the hyperbolic excess  velocity components. Two 

al ternat ives  suggested themselves. 

tudes proportional to  the magnitude of the hyperbolic velocity for  a given 

The f i r s t  was to assume e r r o r  magni- 

mission. The second w a s  to assume constant e r r o r  magnitudes for  all 

missions.  Obviously, neither alternative is truly representat ive of the 

actual case .  It was decided that there was no s t rong justification fo r  assuming 

the f i r s t  al ternative to be more  representative, and therefore  the conclusions 

drawn f r o m  the guidance study could possibly be misleading. On the other 

hand, designation of e r r o r s  as..in the second method yields resu l t s  which 

I a r e  akin to  basic e r r o r  sensit ivit ies,  and s ince the analysis is l inear ,  the 

resul ts  can  be easi ly  modified o r  adjusted. F o r  example, if i t  were  decided 
t 

that the assumed injection e r r o r s  a r e  too small by a factor of 2, all the 

guidance resu l t s  would then be multiplied by this factor.  

the second alternative w a s  chosen. 

I 

F o r  this reason, 

I 

I 

The injection e r r o r s  assumed are 
I 

I A V H L ~  = AVHL = AVHL = 10 m/sec RMS Y Z 

Each component statistically uncorrelated. Based on 
I 

I I T  R E S E A R C H  I N S T I T U T E  
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these assumptions,  the uncorrected miss distances charac te r i s t ic  for 

missions to  Ceres ,  Vesta, Icarus  and Eros  a r e  shown in F igures  through 

, and mid-course guidance requirements tabulated in Tables 5 through 8. 

3. 2. 2 Significant Conclusions 

a. F o r  a given target as te ro id  and launch date, the 

uncorrected miss  distance and the time-of -flight 

e r r o r  generally increases  with the t ime -of-flight. 

This resu l t  is a s  expected inasmuch as the longer 

flights correspond to  t ransfer  t ra jec tor ies  which 

a r e  m o r e  sensitive to initial velocity e r r o r s .  

b. Since constant injection e r r o r s  a r e  assumed for  

all missions,  the mid-course A V  required does 

not va ry  significantly f r o m  one mission to another. 

F o r  all missions studied, the FTA correct ion l ies  

within the range 16-23 m/sec,  and the VTA 

correct ion within the range 13-20 m/sec.  

c. The miss distance remaining af te r  the mid-course 

correct ion is a function of three e r r o r  sources :  

(1)  DSIF tracking inaccuracy, (2)  inaccurate know- 

ledge of the asteroid orbi ta l  parameters ,  and 

( 3 )  inaccuracy in applying the mid-course im- 

pulse. 

the effect of tracking inaccuracy as applied to  

as te ro id  missions. However, i f  the data available 

for  the Mariner  shot is representative,  then the 

miss distance uncertainty (as a resu l t  of 10 days 

tracking and data smoothing) should be within 1000 km. 

The second e r r o r  source  has  not been studied. The 

third e r r o r  source has  not been studied in detail,  

however approximate resu l t s  can be obtained f r o m  

the figures.  As an examples consider the 200 day 

Data is not readily available concerning 

I I T  R E S E A R C H  I N S T I T U T E  
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Fig. 3 
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Fig. 6 
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Ceres  mission having a launch date of 1/11/68. 

F r o m  Figure 3, the miss distance sensitivity to a 

mid-course A V  e r r o r  is of the o rde r  

255,000 k m  k m  
= 14, 300 mJSeC 

17.8 5 e c  

Now, assuming a AV e r r o r  of 0. 1 per cent, the mis s  distance 

remaining af te r  the correct ion would be 255 km. Although this analysis is 

somewhat crude, order-of-magnitude resu l t s  can be obtained. 

I I T  R E S E A R C H  I N S T I T U T E  
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. 
4. MISSIONS TO THE ASTEROIDS 

4. 1 Gener a1 C ons ide rations 

On examining a variety of missions to the as te ro ids  i t  is soon 

discovered that there  is a wide range of values for  launch energy, approach 

velocity at  encounter, target  body size, and in fact  all the pa rame te r s  

associated with a mission study. It i s  t rue  therefore  to  say  that one cannot 

outline a generalized mission to the asteroids,  s ince even the configuration 

of the mission, fly-by, lander,  o r  orbiter,  which provides the most  efficient 

information re turn  in t e r m s  of payload weight, may vary f r o m  as te ro id  to  

as teroid.  The re  a r e  however some features which a r e  common to many 

missions.  

On examining optimum trajector ies  to the as te ro ids  one common 

fea ture  that becomes apparent is the consistently high values of VHP, the 

asymptotic approach velocity at  encounter. F o r  the l a r g e r  as teroids ,  this 

l imits  the observation t ime severely,  and for  the smal le r  bodies, makes 

observation practically impossible. It a l so  has  the effect of making ta rge t  

acquisition more  difficult. Vesta f o r  example, one of the l e s s  difficult 

bodies to acquire  on account of i ts  size, moves a t  2" /min for  a miss distance 

of 40, 000 k m  and a VHP of 10 km/sec. (If, like Mariner  2, the spacecraf t  

passes  within 5. 5 target  radii, then the figure for  Vesta increases  to 

34" /min. ) 

The point to be made h e r e  i s  that unless the spacecraf t  experi-  

ments,  attitude control, and target  sensors  a r e  capable of rapid response 

and high scan  ra tes ,  some method of reducing the angular passage of the 

ta rge t  at encounter must  be found. Reduction of VHP by a terminal  maneuver i 

L I I T  R E S E A R C H  I N S T I T U T E  
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s e e m s  an  obvious choice, although this does impose seve re  weight penalties 

on the payload. It should be noted that the sma l l e r  the body, the m o r e  V H P  

has to  be reduced in o rde r  to  extend the viewing t ime, and the more  favorable 

conditions become for  a lander type of spacecraft .  

A fur ther  consideration t o  be applied to all missions actually 

penetrating the asteroid belt, is that there is liable to  be a high meteoroid 

impact ra te .  

cel l  power supplies would not be a good choice, a be t te r  alternative being 

a n  isotopic power supply, 

encounter (Eros ,  Icarus) ,  this argument does not apply. 

The possibility of a high e ros ion  r a t e  indicates that so l a r  

F o r  missions to as te ro ids  involving near  Ea r th  

The question of how much meteorite shielding is needed for  

as te ro id  missions has  been discussed in the l i t e ra ture  ( 3' 14), and it only 

remains  to point out that by careful design, the s t ruc tura l  elements them- 

se lves  can  be used to  partially protect the vulnerable pa r t s  of the spacecraft ,  

and s o  reduce ex t ra  shielding to  a minimum. 

The following section outlines five possible missions,  two of 

which intercept  the target  bodies close to  Earth,  two in the main belt, and 

one miss ion  to  determine the mass distribution in the belt without any par t i -  

cu la r  ta rge t  body. This las t ,  a "fly-through" mission, is particularly 

a t t ract ive as a f i r s t  mission, since i t  provides data essent ia l  to the design 

of future spacecraf t  to ta rge ts  beyond 2 AU, needs no guidance, and has  no 

launch window constraints.  

The possibility of designing a combined mission has been con- 

s idered,  and rejected fo r  severa l  reasons. 

as te ro id  missions,  any excess  energy is best  used up in decreasing the 

F i r s t ly  it appears  that on most  
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approach velocity in o r d e r  to  increase  the observation time, ra ther  than in 

sett ing a new trajectory to  a second target. 

as te ro ids  have a negligible gravitational field, and therefore  the i r  field can-  

Secondly, the majority of 

not be used to introduce deliberate perturbations (so-cal led gravity swinging), 

in order  to  achieve a combined mission, as has been suggested for M a r s -  

Venus missions for example. Thirdly, there  appears  to  be no appreciable 

grouping of the asteroids  in a predictable manner ,  enabling the spacecraf t  

to pass  by seve ra l  as teroids  without alteration of i ts  trajectory.  A s e a r c h  

fo r  such grouping among all the asteroids whose orbits a r e  known has been 

conducted on IITRI's 7090 computer but with negative resul ts ,  although shor t  

lived grouping of a random nature,  was noticed. (15) 

A summary  of some guidance and control calculations for  the four 

targets  considered has  been given. Guidance, acquisition, and target  en- 

counter procedure,  a r e  felt  t o  be pr ime considerations in the design of an 

as te ro id  mission because of the s m a l l  size and high relative velocity of these 

bodies. 

Three  hypothetical launch vehicles a r e  considered, the f i r s t  having 

a capability of putting a 500-750 lb. package to  escape, the second 2OOO-3000 lbs. 

and the third 6000-7000 lbs. These will be designated Vehicles A, B, and C 
1 

respectively in the tables throughout this report .  These appear to cover the 

range requi red  by the missions adequately, without resor t ing to the use  of 

more  futur is t ic  vehicles. F o r  many missions, it  is essent ia l  t o  postulate 

the addition of a high performance stage on top of the stipulated launch vehicle 

in o rde r  to  deliver significant payloads, This stage is assumed to have an 

I Isp of 440, and to be compatible with the lower stages. Its s t ruc tu re  factor 
l 
I 
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In all cases  where an ex t r a  stage is included in the calculations, 

i t  is assumed that the basic  launch vehicle puts this stage into a 300 N. mile 

parking orbit. 

payloads represent  a small f ract ion of the launch vehicle weight, and hence 

a r e  extremely sensit ive to vehicle performance. 

It should be pointed out that the figures quoted for  ve ry  small 

The weights quoted throughout this repor t  are largely derived 

f r o m  state  of the a r t  figures. 

s ay  a factor  of two, then many of the missions that appear to be marginal  

become very  r e a l  possibilities. 

4. 2 

If one assumes an overal l  improvement of 

An Asteroid Fly-Through Mission 

Before t reat ing any missions to the l a rge r  bodies, the potentia- 

l i t ies  of a simple spacecraf t  flying through the belt will be discussed. Such 

a spacecraf t  is at t ract ive because of its inherent lack of te rmina l  o r  mid- 

course  propulsion, result ing in a m o r e  efficient allocation of the scientific 

payload. 

window constraints . 
In addition, such a mission does not suffer f r o m  having any launch 

The capabilities of a spacecraft flying thhough the asteroid belt, 

without being directed a t  any particular target a r e  necessar i ly  somewhat 

l imited,  but for  this ve ry  reason may present the highest probability of 

success  of all the miss ion  configurations. Such a miss ion  would provide 

an  admirable  opportunity for  examining the interplanetary magnetic field 

out to  3. 5 A U  (o r  more) ,  and in particular detect the presence of any tu r -  

bulence in the field. 

I 

The pr imary  reason f o r  such a mission howevers 
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would be to study the mass distribution in  the belt, and hence enable a 

spacecraf t  collision c ross -sec t ion  to  be derived for  the first time. In this 

respec t  one difficulty a r i s e s  immediately, namely how la rge  does the par t ic le  

detector have to be in order  to  record  a statist ically meaningful number of 

events ? 

4. 2. 1 The Pa r t i c l e  Density 

The almost complete lack of data on the distribution of 

sma l l  par t ic les  in  the region 2 to 3. 5 AU makes any attempt to es t imate  

the par t ic le  density and collision probability in that region extremely difficult 

to  jjstify. By making a number of sweeping assumptions however, we can 

t r y  to  a r r ive ,  within one o r  two orders  of magnitude, a t  a figure for  the 

particle density. These  assumptions are:  

1. The total mass of the asteroids ,  as estimated by 

Kuiper and others at between 0.0004 and . 001 of 

ea r th ' s  mass, i. e . ,  2 to  6 x 10 gms;  let  us 

a s sume  the upper limit. 

24 

2. At any instant the asteroid density is uniform, 

constant, and the total mass is contained i n  a n  

oblate toroid extending f r o m  2 AU to  3. 5 AU 

with a thickness of 1.2 AU which corresponds 

approximately to orbital inclinations between 

t 10" to - 10" to the ecliptic. 

3. The as te ro id  belt contains par t ic les  of average 

density approximately the s a m e  as that of the 

stony meteori tes ,  i. e., 3 gm/cc. 

Using these f igures  the mass/cubic kilometer in the belt is 

0. 0 6  gms. 

I 
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If this is totally invested in particles of 1 p radius,  the number 

3 9 of par t ic les  per  k m  is 6 x 10 , o r  6 per cubic meter.  

The particle density for different s izes  of particles can be 

s imi la r ly  calculated, e. g. 

9 3 1 p radius 6 x  10 pe r  k m  
6 3 

iOp radius 6 x  i o  per  k m  
3 3 

100 p radius 6 x  10 per  k m  
3 

1 mm radius 6 per  k m  

1 cm radius 6 x pe r  k m  
3 

F r o m  these figures the number of encounters anticipated by a 

given spacecraf t  may be calculated. 

The total mass encountered, ignoring s ta t is t ical  variations,  is 

the product of the mass density and the effective volume swept out by the 

spacecraf t .  

spacecraf t  trajectory.  

f r o m  2 to 3. 5 AU, and presents one square me te r  of frontal  surface.  

volume swept out would be 2. 25 x 10l1 cubic m e t e r s  and the mass 

It is now necessary  to make a fur ther  assumption about the 

Let us assume that it t ravels  radially outwards 

The 

encountered, 13. 5 gms. 

This rudimentary calculation ignores the fact that the as te ro ids  

a r e  moving with a mean orbital  velocity of approximately 20 km/sec, which 

would cause  the intercepted m a s s  to  increase by a factor of th ree  o r  four 

for  a spacecraf t  velocity of 7 km/sec, i. e . ,  the total  mass encountered per 

square  meter  of f rontal  a r e a  would be approximately 40 gms, and total 

momentum about 800 kg. meter/sec.  

t r ans fe r  of momentum is non-catastrophic, it  can easily be shown that the 

Assuming for the moment that the 
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momentum of the as te ro ids  encountered amounts to approximately one 

thousandth of that of a 500 lb. spacecraft  on a 100 day mission through the 

belt. The momentum although imparted in a prefer red  direction, would 

therefore  not resul t  in a ser ious  trajectory perturbation. 

noted that in  this case,  the perturbation would not be large enough to detect. 

It is a l so  to be 

It s eems  apparent that even a modest s ized  micrometeori te  

counter would record  a considerable number of impacts during a 100 day 

flight. In addition to  this experiment,  measurement  of the sca t te red  sun- 

light f r o m  the asteroidal  dust by a photometric experiment,  could provide 

a back-up sys tem which, providing the data f r o m  the two experiments 

cor re la ted ,  would provide convincing information on the particle s ize  d i s t r i -  

bution. 

distribution, as previously described, would provide significant data on the 

ent i re  s i ze  spec t rum of par t ic les  in the belt. 

The addition of a radar  experiment, t o  study the l a rge r  particle 
1 

The fly-through mission would provide an admirable chance to 

measu re  the interplanetary magnetic field out to 3. 5 A U  ( o r  more) ,  and in 

par t icular  detect the presence of any turbulence in  the field. (16) 

The communications equipment f rom such a fly-through space-  

craft need not be elaborate. 

25 db antenna could t ransmi t  10 bits/sec for  a power of 4 watts. 

shows the relationship between range, t ransmit ter  power, and bit ra te ,  

based on an  assumed 25 db antenna, working a t  ' S '  band, and an Ear th  based 

85 ft. antenna. If the 210 ft. antennas proposed for  D. S. I. F. were  used, 

the required power would be reduced by a factor of six. 

for  a fly-through mission is shown in Table 9. 

At 3 A U  for  example, a spacecraf t  carrying a 

Figure  7 

A typical payload 
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The 300 lb. payload suggested could be delivered to  4 AU by 

Vehicle C within 600 days. 

makes full use  of the launch vehicles '  capability, Vehicle B could deliver 

the payload in 300-400 days. 

the mission is not directed a t  any specific target  body. 

By postulating an additional final s tage (that 

There  a r e  no launch window restr ic t ions,  s ince 
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Table 9 

PAYLOAD BREAKDOWN FOR A F L Y  -THRU MISSION 

Weight 

1. 

2. 

3. 

4. 

5. 

6. 

Radar Experiment 
Photometer  Experiment 
Magnetometer 

T ransmi t t e r  (10 W at 'S' Band) 
Data processing and s torage 

Antenna (25 db) 

Attitude Control 

Power Supply (150 W isotopic) 

Bat te r ies  

Structure  and Meteorite shield 
(Shielded a r e a  = 100 square feet, probability of 
no penetration 90% ) 

40 

25 

10 

30 

150 

30 

35 

320 lbs. 
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4. 3 Mission to  E r o s  

Six possible target  as teroids  a r e  tabulated i n  Table 10, the six 

being the four la rges t  as teroids  plus two sma l l e r  as te ro ids  that have c lose  

approaches to Earth. 

The f i r s t  to be considered for a possible mission to  Eros ,  p r im-  

a r i l y  because it is an  interest ing body f rom a scientific viewpoint, and 

secondly because i t s  c lose  approach t o  Ear th  makes it possible to launch 

comparatively low energy missions. 

E r o s  has  seve ra l  notable features  which make i t  an at t ract ive 

ta rge t  fo r  an  as te ro id  mission. 

likely to b e  a collision fragment,  since its light curve  displays variations 

of near ly  1. 5 magnitudes, with little o r  no change in color. 

curve is so spectacular  that i t  has been suggested that E r o s  is a double 

asteroid,  the two bodies rotating around the common center  of mass. 

does a s sume  that E r o s  is an i r regular ly  shaped body, the observations 

Of all the known asteroids  it is the most  

Indeed its light 

If one 

indicate(17) that i ts  dimensions a r e  approximately 22  k m  by 6 km. 

6 At c loses t  approach, this body is only 2 3  x 10 k m  away f r o m  the 

Earth,  thus making shor t  flight t imes (100- 150 day) possible without r e s o r t -  

ing to  high energy missions. 

to  per form highly accura te  mid-course and terminal  maneuvers. 

Restraints a r e  imposed however, by the need 

The f i r s t  objective of a mission to  E r o s  would be to  examine i t s  

I gross  physical  features ,  and verify that it is indeed a collision fragment. 

The shape of the body can be ascertained with even the crudest  of television 
I 
I 

I experiments  (for example a ten by ten matr ix  of photodetectors in the image 
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plane of a small telescope). 

necessary  to  provide information on the g ross  surface features  and dust 

layer .  

c a m e r a  should be adequate. 

A more  sophisticated sys t em is certainly 

A sys t em similar to the Ranger TV sys t em but using only one 

In the section describing possible experiments for an as te ro id  

mission, the s imilar i ty  between the asteroid lander and the Surveyor soft 

lunar lander has  been mentioned. 

l a r g e r  as te ro ids  in fact appear to have much in common. 

that for Eros ,  once the spacecraf t  is committed to  making a terminal  

maneuver which reduces V H P  to  zero, t he re  is every  reason go to to  the 

The sur face  fea tures  of the moon and the 

It is suggested 

I whole way and design the mission for a soft lander since gravitational 

a t t ract ion w i l l  cause an  eventual landing anyway, and measurement  by the 

I 

r a d a r  a l t imeter  of the spacecraf t ' s  rate of descent is probably the eas ies t  ' method of measuring the as te ro id ' s  mass,  

F o r  Eros ,  i f  one assumes  the dimensions a r e  as stated,  and the 

I average density is 3 gm/cc, the escape velocity i s  9 meters /sec.  Using 

1 

I 
I Surveyor a s  a n  example again, i ts  velocity at  impact is planned to  be 

4 m/sec,  and s o  a s imi l a r  landing on Eros would entail the removal  of only 1 
, 
I 5 m/sec o r  so. One problem unique to E r o s  that ought to be pointed out 
I 

~ 

however, is that i ts  shape is thought to  be elongated 22 k m  by 6 km, and i ts  

, period of rotation only 5- 1/2 hours, which means that the extremit ies  of 
I E r o s  have a velocity due to rotation of 3 .  5 m/sec. This makes the landing 

I procedure more  difficult but not impossible. 
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Figures 8, 9, and 10 show the fraction of the mass in 300 N. mile 

parking orbit  that can  be sent to  Eros  in 75, 100 and 125 days respectively, 

by using an ex t r a  high performance stage for  injection into the t ransfer  conic. 

The fract ion left af ter  all relative velocity between spacecraf t  and target  has  

been removed is indicated by the curve marked "final payload". The f igures  

a r e  plotted this way in order  to show the effect of the combined maneuvers  

on the total  payload. 

bil i t ies of the postulated vehicles with and without the ex t r a  kick stage. 

Table 11 gives specific examples of the payload capa-  

The payload breakdown for an Eros  mission is given in Table 12. 

Propulsion for  the te rmina l  maneuver has not been included s o  a s  to  make 

the table compatible with the "final payload'' curve  of F igures  8, 9, and 10. 

As previously mentioned, the very low f igures  shown for launch 

vehicles with no added stage a r e  unreliable since a small variation in the 

s t ruc ture  factor allowed could cause them to drop to  zero. 

It can be seen  that Vehicle B plus an added s tage is capable of 

ha rd  landing the ent i re  experimental package descr ibed on Eros  in 125 days 

with an ample margin  to  spare.  

be extremely marginal. 

mission, provided the added stage is used. In this instance, the added s tage 

need not be the high performance stage previously described, even a modest 

upper s tage,  with a n  I 

E r o s  in 125 days. 

A soft lander with this launch vehicle would 

Vehicle C displays ample capability for  a 125 day 

of 350 would enable Vehicle C to land 1000 lbs. on SP 
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a) F r a c t i o n  of payload remaining a f t e r  inject ion f r o m  

b) F r a c t i o n  of injected payload r ema in ing  a f t e r  

c )  F ina l  payload e x p r e s s e d  as  a f r ac t ion  of mass i n  

300 N. M. parking o rb i t  

t e r m i n a l  maneuver  

park ing  orbi t .  
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Table 11 

POSSIBLE PAYLOADS AVAILABLE FOR EROS MISSIONS 

(30 DAY LAUNCH WINDOW) 

Vehicle 75 days 100 days 125 days 

Payload af te r  Te rmina l  
Maneuv e r 

Vehicle A 

Vehicle B 

Vehicle C 

Vehicle A t High Per formance  Stage 
Isp = 440 

Vehicle B t High Per formance  Stage 
Isp = 440 

Vehicle C t High Per formance  Stage 
Isp = 440 

50 250 400 

100 40 0 

300 1250 

625 

2 100 
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Table 12  

PAYLOAD BREAKDOWN FOR AN ASTEROID F L Y  -BY MISSION 

Weight 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

All experiments except. seismic and x-ray 
analysis  

T ransmi t t e r  (20 W'at 'S' band) 

Data processing, and encoder 

Data s torage  (the r moplas t ic)  

Antenna ( 2 5  db) 

Attitude control 

Mid-Course propulsion 

Power supply (200 W isotopic) 

Bat te r ies  

Structure  (17%) 

Meteorite bumper shield 
100 square  ft. 90% probability of no penetration 

80 

. 15 

25 

25 

10 

30 

35 

200 
40 

75 

15 

550 lbs. 

(Weight es t imates  largely extrapolated f r o m  Mariner ,  
Surveyor and Voyager data) 
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It should be noted that in the case  of E ros  extending the flight 

time beyond 125 days does not decrease VHL except for one nar row launch 

window in 1967, when for  5 days o r  s o  a 175 day mission would require  

l e s s  than 5 km/sec. 

flight t ime available l i e s  in the fact that the value of V H P  dec reases  sharply 

as the flight t ime increases .  

this is given in Table 13. 

against  "Ideal Velocity" is a lso included at the end of this report .  

F igure  15.)  

However a strong argument for using the la rges t  

A table of mission pa rame te r s  i l lustrating 

( F o r  completeness, a conversion graph of VHL 

See 
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4. 4 Mission to  Ceres  

Ceres  is the largest  of the known asteroids  and is thought to  

account f o r  approximately 1/3 of the total mass of the as te ro id  belt. 

o rb i t s  between 2. 56 and 2.98 AU with a period of 4. 6 years .  

has  pointed out that any body formed, and having a near ly  c i rcu lar  orbi t  a t  

l e s s  than 4 AU, whilst Jupiter was in the protoplanet stage, would be con- 

It 

(18) Kuiper 

s t ra ined  to remain  thereaf ter  inside that limit. This cannot of course  be 

interpreted as meaning that all bodies inside 4 AU must  have originated 

there ,  but it does indicate that to  gather information on the origin of the 

as te ro id  belt, one would l imit  any mission to bodies such as Ceres ,  which 

orbit  inside that limit. In an  ea r l i e r  paper(19), Kuiper a rgues  that any 

body the s i ze  of Ceres  must  have been c rea t ed  by an accret ion process .  

Urey('*) a l so  pays considerable attention to the thermal  his tory of a body 

the s i ze  of Ceres .  

Ce res  is, undoubtedly, the most  interest ing of the distant 

as te ro ids ,  and would s e e m  t o  be  a worthwhile objective. 

A soft lander s e e m s  essential, if one is to answer the questions 

about the internal  s t ruc ture ,  remaining radioactivity, and composition of 

Ceres .  Such a spacecraf t  would contain all the experiments l isted in the 

e a r l i e r  section. A Ceres  fly-by, however, could measu re  the following: 

Size 

Tempera ture  

Magnetic field, if any 

Rotation r a t e  

Surface charac te r i s t ics  

which would represent  a vast  increase over  our  present  knowledge. 
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The approach velocities f o r  missions to  Ceres  are in general  

higher than those for  missions to Eros .  Nevertheless,  it  does not appear  

essent ia l  to  incorporate te rmina l  propulsion in  o rde r  to  elongate the ob- 

servat ion t ime during fly-by as was  the case with Eros.  

Table 14, the value of VHP for  a 350 day flight i s  given as 6. 6 km/sec. 

If 10, 000 k m  is taken a s  a reasonable miss distance, (Mar iner  2 w a s  

Refering to 

30,000 km), then the spacecraf t ' s  l ine of sight to the ta rge t  body would 

tu rn  through 60" in approximately 30 minutes, and the observation d is -  

tance would not exceed 11,500 kms. 

However, as was pointed out in the previous paragraph, there  

a r e  many questions such as the chemical nature  of the body, sur face  

erosion, internal  s t ructure ,  possible radioactivity, presence of organic 

compounds, which can only be answered by experiments performed f r o m  

the surface of the asteroid.  As was the case  with E r o s ,  the difficulty in 

landing on Ceres  is not overcoming the gravitational attraction, but r e -  

ducing V H P  to near  zero  in a te rmina l  maneuver, before initiating the 

landing procedure. 

escape velocity f o r  the asteroid is of the order .0 .  8 km/sec. 

VHP for  a 350 flight to Ceres  i s  6. 6 km/sec,  and the 

Assuming 

that the te rmina l  propulsion sys  t em performs the actual landing maneuver 

a s  well, i t s  total capability then needs to be at l eas t  7. 4 km/sec. The 

payload for  a sophisticated Ceres  lander would be designed to per form 

the following functions : 

a) measure  surface gravity 

b) measure  surface and sub-surface 

c )  study soi l  composition 

d) televise the immediate vicinity 

e )  detect the presence of organic compounds 

temperature  
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Table 14 

OPTIMUM LAUNCHES FOR CERES 

Flight VHL Asymptotic approach Communication Launch 
Time, velocity a t  encounter Distance Date 
days (km/s ec) (km/sec) (AU) 

200 days 11. 7 

250 days 8. 4 

300 days 7. 3 

350 days 6. 9 

17. 7 

10. 8 

8. 0 

6. 6 

2. 74 

3. 3 1  

3. 72  

3. 8 

2 /18 /7 3 

1 /16/68 

1 /16/68 

1 /16/68 
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f )  detect  the extent of natural  radioactivity 

g) measu re  the trapped magnetic field, 

h)  detect  any natural se i smic  activity, and 

if  any 

perform se ismic  sounding 
experiments using ei ther  
natural o r  ar t i f ic ia l  excitation. 

i ) detect micrometeorite impacts 

The e lec t r ica l  power required to actuate all these experiments,  and 

t ransmi t  the data back f r o m  Ceres  would be considerable. 

i t  can be seen  that a n  information ra te  of 100 b. p. s. would requi re  a t r ans -  

mitted power of between 50 and 70 watts. 

this problem is to l imit  the experimental data gathered pe r  day, and use 

F r o m  Figure 7 

The onlyeconomical solution to  

la rge  data  s to re s  on board,  storing say 10 8 or  10 9 bits of experimental  and 

engineering data. 

Voyager (Mars )  s to re s  lo9  bits,  consumes 25w, and weighs only 22 lbs. , 

and thus appears  ideal for  this purpose. 

incorporate  a fa i r ly  versa t i le  preprogrammed computer for  commanding the 

landing, deploying, and t ransmiss ion  operations, since Ea r th  based commands 

would suf fer  a 30 minute delay in reaching the spacecraf t ,  and would there-  

f o r e  be of very  l imited use. 

The thermoplastic storage technique proposed for  

The lander  would a l so  have to 

F igure  11 shows that the optimum launches for  Ceres  missions 

a r e  all centered about 1/16/68 for the flight t imes  shown. 

all the t ra jec tor ies  in  this report ,  the values of V H L  were  computed f r o m  

1964 to 1974, and the period of t ime containing the lowest minimum selected.  

A l i s t  of the other pa rame te r s  associated with these missions is given in 

Table 14, and the payload capabilities of various launch vehicles in Table 15. 

In common with 
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(The weights shown a r e  those of the spacecraft  af ter  the propulsive sys t em 

has been allowed for. ) 

F r o m  this la t te r  table i t  can  be seen  that with a suitable upper 

s tage even Vehicle A is capable of delivering a 1000 lb. fly-by to  C e r e s  in 

under a year.  

the wors t  combination of VHL and VHP during a 30 day period centered about 

the minimum. 

The weights shown for  the soft landers  have been based on 

The 680 lb. lander  delivered by Vehicle C plus a kick stage is 

marginally sufficient t o  contain all the experiments l is ted ear l ie r ,  together 

with a slightly increased  power supply. 
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4. 5 Mission to  Icarus  
~~ 

Icarus is a comparatively small  as teroid (diameter  1. 4 km),  with 

a cometary orbit  which brings i t  within 4-1/2 million mi les  of the Earth,  

and 0. 19 AU of the Sun. 

a t t ract ive as a potential target  body. 

as te ro ids  because of i ts  ex t reme thermal cycling during orbit, ranging f r o m  

500" C a t  perihelion to below z e r o  a t  aphelion. 

on the surface of Icarus would be of considerable in te res t  f r o m  a scientific 

point of view. 

Its c lose approach to Ea r th  makes it particularly 

Icarus i s  a l so  non-typical of the 

The effect of this environment 

Unfortunately, Icarus  has  a high inclination, (23" ) t o  the Ecliptic 

which has  the effect of allowing very short  launch windows f r o m  Earth,  and 

high values of VHP which, coupled with i ts  small s i ze  could make target  

acquisition and encounter a difficult procedure. 

me te r s ,  fo r  flight t imes  of 50, 75 and 100 days is given in Table 16, and a 

graph of VHL against  launch date in Figures 12 and 13. It can be seen  that 

even a 10 day launch window increases  the value of VHL significantly. F o r  

example, a 100 day flight has a minimum VHL of just  under 1 km/sec. 

Expanding the launch window to ten days increases  VHL to 1, 5 km/sec and 

f o r  30 days,  VHL becomes 3 .  3 km/sec. 

A table of mission para-  

Icarus  is an exceptional case in that the minima fo r  the t r a -  

jec tor ies  s h a v n  in F igure  12 l ies  about 20 days a p a r t .  

ins tead of stipulating a constant flight time one allows it to  vary f r o m  say 

50 days to  100 days, the launch window can  be opened to  well over 30 days 

f o r  values of VHL under 1. 7 km/sec.  

indicated by the envelope containing all  the minima in F igure  12. 

Therefore,  i f  

In this ca se  the values of VHL a r e  
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Table 16 

OPTIMUM LAUNCHES TO ICARUS 

Flight V H L  Asymptotic approach Communication Launch 
Time, velocity at  encounter Distance Date 
days (km/sec) (km/s e c)  (AU) 

100 days 1.0 28. 4 0. 04 3/11 /68 

75 days 1.2 28. 5 . 0 5  4/2/68 

50 days 1. 6 29. 2 0 .04 2 / 2  6 /6 8 
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The saving in payload by adopting this approach is considerable,  

and would certainly outweigh any advantages obtained by predetermining the 

flight t ime. 

No mat te r  what flight t ime is chosen, between the limits of 50 and 

100 days, i f  the minimum energy t ra jectory for  that flight t ime is used, 

corresponding to a flight in the ecliptic plane, the value of VHP a t  encounter 

wi l l  always be high, never  falling below 25 km/sec. 

re la t ive velocity, coupled with the small  physical s ize  of Icarus  would place 

seve re  demands on the ta rge t  acquisition system, and would make experi-  

mental  observation of the body almost impract ical ,  since the t ime available 

fo r  observation would be well under one minute even f r o m  1000 k m  away. 

(It is debatable whether any worthwhile information could be learned about 

a 1. 4 k m  body f r o m  1000 k m  miss  distance. ) 

This ex t remely  high 

Reduction of VHP does not appear to  be a solution to the problem, 

since the payload penalties for even a 5070 reduction a r e  too severe .  Re- 

ducing VHP to 15 km/sec for  example means  that propulsion takes up 9870 

of the available payload. 

Various authors have suggested the use of an asteroid,  and in 

par t icu lar  Icarus as a stable platform f r o m  which to  observe the Sun and' 

par t s  of the Solar System. 

ceding r e m a r k s  i l lustrate  the impracticability, a t  this t ime, of such a 

project. 

The propulsion difficulties outlined in the p r e -  

A miss ion  to Icarus  would therefore depend on the development 

of a sophisticated ta rge t  acquisition system, high resolution experiments 

that could observe the asteroid f r o m  a thousand rad i i  away, and a sound 
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guidance and cent ra l  system. 

economical proposition using chemical propulsion. 

payload capabilities of s eve ra l  launch vehicle combinations for  the fixed 

t ime of flight missions and the variable flight t ime mission. 

even Vehicle A is capable of delivering a 600 lb. fly-by to Icarus.  

advantages of using the var iable  flight time mode a r e  obvious. 

Landing on the as te ro id  is definitely not an 

Table 17 shows the 

F o r  the la t ter ,  

The 

I I 

I 
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4. 6 Missions to Vesta 

Many of the r emarks  applied ear l ie r  to Ceres  missions can a l so  

be applied to  Vesta. 

approximately 380 kms in diameter.  

f r o m  Earth,  s ince i t s  orbital  inclination is only 7" and i t  is considerably 

closer .  As with all the other as teroids ,  very  l i t t le is known about Vesta. 

I ts  one peculiari ty is that i ts  albedo is extremely high (0. 25), otherwise i t  

is a typical asteroid. It is included in this study not only because the s a m e  

questions as can be applied to  the largest  body, Ceres ,  can a l s o  be applied 

to Vesta, but a l so  because of the four largest  bodies, Vesta has  the leas t  

unfavorable launch conditions ( see  Figure 14). 

deliver an approximately 700 lb. fly-by to Vesta  in 275 days (with no upper 

staging). 

The body i s  the third la rges t  of the asteroids ,  being 

It is however an  eas i e r  target  to  reach  

Vehicle B for  example can  

Table 18 shows the mission parameters  associated with 200, 225 

and 275 day flights to  Vesta, and Table 10 l i s t s  the payloads (exclusive of 

propulsion as before) available for  fly-bys and soft landers  using the vehicles 

suggested. 

Vehicle C can  land 300 lbs. in 300 days on Ceres ,  o r  1100 lbs. in 275 days 

on Vesta. 

the idea of landing on the asteroid and returning to  Ea r th  with a few pounds 

of Vesta on board becomes a r ea l  possibility, bear ing in mind that either 

a tmospher ic  braking o r  lunar landing is available for  the r e tu rn  trip. 

The contrast  with the figures fo r  Ceres  is worth noting, e. g. 

Since the escape velocity of Vesta is only of the o r d e r  0. 4 km/sec, 
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5.  CONCLUSIONS AND FINAL COMMENTS 

The ASC/IITRI Asteroid Mission Survey has  outlined the scientific 

belt,  it has  been necessary  to make a number of assumptions during the 

evaluation of these missions,  and these have been s ta ted where applicable. 

The most  important a r e a  in which there is lack of knowledge is in estimating 

the collision probability between spacecraft and as te ro id  debris  during 

passage through the belt. 

2 AU should cer ta inly be designed to measure this parameter .  

It is felt  that the f i r s t  missions to t ravel  beyond 

I F o r  missions I 

objectives of any investigation of the asteroid belt, both fo r  a specific target  

and a general  fly-through mission with no target.  This has been followed by 

to nea re r  bodies like E r o s  o r  Icarus, the meteori te  impact ra te  is not 

expected to  be any higher than that experienced during the Mariner 2 flight, 

but this again is an assumption made f r o m  ve ry  l i t t le data. 

The discussions on the capabilities of the various vehicles reveals  

that without an  added stage, preferably high performance, their  usefulness 

is limited. With no ex t ra  stage, Vehicle A can  deliver significant payloads 

to one of the bodies considered, Icarus. 

delivering a 700 lb. fly-by, o r  100 lb. lander to Vesta, as well as reaching 

Icarus.  

Vehicle B however is capable of 

~~ 
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With the added stage, even Vehicle A is capable of reaching all 

four of the bodies considered with payloads ranging f r o m  390 to 1600 lbs. 

Missions involving landing do not appear possible without the hypothetical 

ex t r a  stage, to  any of the c l a s ses  of target body considered. 

Many of the assumptions stated i n  the e a r l i e r  ASC/IITRI report ,  

"Survey of Jovian Missions' '  a r e  pertinent h e r e  also,  and perhaps ought t o  

be rei terated:  

a) The t ra jec tor ies  have all been computed assuming that 
the spacecraf t  is influenced by the Sun's gravity only, 

and impulsive acceleration has  been assumed. 

b) A 30 day window has been assumed as necessary,  to 

allow for temporary  malfunctions during checkout, and 

adverse  weather conditions. 

especially c r i t i ca l  for missions to Icarus  and Eros.  Any 
reduction in the launch window would produce significant 

improvement in the payloads available. 

This parameter  is 

In conclusion, it is apparent f rom this as te ro id  study that explor- 

ation of both the main as te ro id  belt and close approach by cu r ren t  generation 

vehicles appears  both feasible and practical, and indeed, the t ime when a 

r e tu rn  mission to a la rge  as te ro id  m a y  be planned, bringing back the f i r s t  

samples  of as teroidal  mat ter ,  may not be far off. 
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APPENDIX I 

OPTICAL TRACKING O F  PASSIVE BALLOONS 

It has  been suggested that the distribution of mass in  the asteroid 

belt be investigated by sending a se r i e s  of passive balloon type probes into 

the belt, noting the deflections in  the balloon t ra jector ies ,  and hence ca l -  

culating the momentum t ransfer  between balloon and asteroidal  dust. 

The tracking function can only be accomplished by radar  or  

optical techniques if  the probe is to be passive. 

be immediately discounted on account of the unrealist ic power required to  

t r ack  even a l a rge  balloon. ( A  balloon 10 km diameter for  example would 

requi re  many megawatts for tracking to 3 AU. ) 

The f o r m e r  alternative can 

There a r e  a number of ways of a r r iv ing  a t  an  es t imate  of the 

tracking capability of existing telescopes. 

culation shows that even i f  one neglects the 'noise '  contribution f r o m  the 

a tmosphere  and the Ea r th ' s  dust belt, optical tracking to 3 AU ca l l s  for  

e x t r e m e l y  large balloons. 

The following elementary cal-  

2 The Solar Constant = 1. 38kw/meter , therefore  a t  3 AU the 

2 so la r  f lux is 153 w/meter . 
If we assume 100 per cent specular reflection for  small angles 

of incidence, a fraction 

r 2 - - *T*B 

TR2 2 AT R 
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is re turned to the telescope, 

Where AB = c r o s s  -sectional a r e a  of the balloon ( rad ius  r )  and 

2 AT = the telescope aper ture  a rea ,  the incident energy = 153 AB w/meter . 
Therefore  

2 153. ATAB 
reflected energy = w /meter 

7r R2 

= AT AB x 1. 3 x 10 -23 w/meter  2 

2 Let  us  a s sume  the use of a 200" telescope, AT 19 meter  . 
- 20 Energy collected by the telescope = AB x 10 w. Let us now 

assume that 1 watt is equivalent to 27. 8 x 

5550A ). 

photons/sec (the value for  

The 200" instrument is quoted as being able to detect objects of 
0 

23rd apparent visual magnitude with ideal seeing conditions. 

is equivalent to  3. 3 x 10 

20th magnitude 

- 14 lumens/rneter2 a t  5 5 5 0 i ,  

i. e . ,  3. 3 x 10 -14 x 4. 22 x 1015 photons/sec. 

141 photons/sec. 

23rd magnitude is therefore equal to 8.8 photons/sec incident upon the 

telescope aperture .  

balloon a t  the telescope aperture ,  then there  is no need to consider the 

quantum efficiency of the optical system o r  the detector. 

If we compare this with the energy obtainable f r o m  the 

The energy collected f r o m  the balloon w a s  

- 4  6. 3AB x 10 photons/sec. 
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Therefore  for detection by a 200" telescope, 

AB must be 1 . 4 ~  10 4 . 

Therefore  the diameter  must  be a t  least 120 meters .  

minimum s i ze  of passive balloons that can  be t racked optically f r o m  Earth. 

This  represents  the 

Let us now consider what information can be gained by tracking 

such a balloon through the belt. 

Taking the mass of the belt as being . 001 of that of the Ea r th  

(Kuiper) and i t s  boundaries as 2 AU, 3. 5 A U  and t 10" to  the ecliptic, 

can show that the average density is 0 . 0 6  gms/cubic km. If one fur ther  

a s sumes  that the balloon t ra jectory through the belt is along the ecliptic, 

radially outwards f r o m  the Sun, i. e. ,  1. 5 A U  long, the total mass encounter- 

ed  p e r  square  me te r  of frontal  a r e a  i s  

one - 

6 (0 .06  x x 1 . 5  x (150 x 10 ) gms 

i. e. 13. 5 gms 

Therefore ,  a balloon of 120 meters  diameter would, if  the as teroid mass 

distribution was homogeneous, encounter approximately 11 kg of particles.  

If we now take into account the orbital  velocity of the asteroids ,  and assign 

a mean value of 20 km/sec to them, the intercepted mass inc reases  by a 

factor of 3 or  so, taking the balloon velocity a t  7 km/sec (approximately 

c o r r e c t  fo r  a 100 day mission). 

The total mass encountered is now 33 kg, and the average 

relative velocity is 22 km/sec. 

t ra jectory,  non-destructive t ransfer  of momentum between the par t ic les  and 

balloon has  to be assumed. 

To evaluate the effect of this on the balloon 
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The mass of a 120 me te r  balloon can  be easily estimated. 

Assuming a . 00 1 ' I  Mylar balloon, 

6 Mass = ~ ( l 2 0 )  x ( m o  2 * 5  x x 1.78 x 10 g m s  

= 1980 kg. 

The momentum t r ans fe r r ed  by impinging mass w i l l  be 33 x 22 kg km/sec,  

which should therefore  cause a velocity change i n  the balloon, of 0. 36km/sec,  

which is certainly l a rge  enough to be detected. 

SUMMARY 

The above calculations indicate that it 

viewing conditions, to t rack a 120 meter balloon 

is possible, with good 

to 3 A U  with the 200" Mt. 

Pa lomar  telescope. In practice,  i f  several  consecutive nights viewing 

were  essent ia l  the l imiting magnitude may well be  21st or even 20th mag-  

nitude, giving a minimum balloon size of 300- 1000 meters .  

the momentum t r ans fe r  between the balloon and the hypervelocity par t ic les  

striking it is not liable to be 100% efficient and the t ra jectory deflection 

will therefore be proportionally less ,  

i t  is evident that a completely passive balloon probe leads to the inefficient 

use  of available payloads, a 120 meter balloon weighing severa l  thousand 

pounds, The use  of smaller balloons together with a radio beacon would 

undoubtedly be a more  efficient configuration, a 12 me te r  balloon with a 

10 watt beacon for  instance would weigh under 200 lbs. 

be substantially l e s s  however, since the majori ty  of its weight would be  in 

the power supplies and not in providing a l a rge  surface a rea .  

In addition, 

Quite apar t  f rom these considerations 

Its deflection would 

i 
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A fur ther  s tep  away f r o m  the passive balloons would be to  employ 

a balloon of the type that hardens under the space environment and use i t s  

surface as a diaphragm f o r  a conventional micrometeori te  counter, te le-  

meter ing the information back. 
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APPENDIX I1 

REQUIRED POWER FOR AN ASTEROID RADAR 

EXPERIMENT 

It w a s  suggested ea r l i e r  that a r a d a r  experiment could be  used 

to  determine the population of l a r g e  particles in the as te ro id  belt. 

power requirements  and overal l  feasibility of such an experiment will now 

be examined. 

The 

Secause  of the lack of knowledge ox the surface features  cf 

bodies in the asteroid belt i t  is proposed for the purposes of this calculation 

to a s sume  that the r ada r  propert ies  of the asteroids  a r e  similar to those of 

of the moon, i. e. , i ts  radar  albedo i s  approximately 0. 1 ,  and reflection is 

non-isotropic with an increase  in received power of a factor of two, 

( theoret ical  es t imates  for  the moon give a gain of 1 to 6 over isotropic) (21) . 
The r ada r  equation gives us 

2 
P t A 2  P g a  

P =  watts 
2 4  4X R r 

where 

= received power 

= t ransmit ted power 

r P 

pt 

A = antenna a r e a  

P 

g 

= albedo = 0. 1 

= directivity factor = 2 
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a = radius of target  

R = target  range 

x = wavelength 

If we assume a rece iver  noise tempera ture  of 100" K and a band- 

width of 1 mc/s  to take c a r e  of any spectral  broadening, then the value of 

P 

an X-band sys tem of 200W peak power (say),  with a 1 me te r  diameter  

antenna, and calculate i ts  potentialities. 

for  a signal to  noise ra t io  of 10 db comes to  -140 db W. Let  us consider  r 

We have, for a frequency of 8 km/c, 

= -140 db W Pt 
-4  x2 = 14. 1 x 10 square m e t e r s  

A2  = 0. 62 m e t e r s  

P = 10 

4 

-1  

Therefore  the target  will be detected i f  

-14 2 

56.4 10-4 R4 

200 x 0. 62 x 0. 1 a - 10 

i. e . ,  i f  a' /R4 4.5 x 10- l8  

i. e . ,  i f  a / R 2  2.1 

A plot of this  relationship for a range of t ransmi t te r  pulse power is given in  

F igure  A. 

ment can  be obtained for  ve ry  moderate pulse powers, 

sys t em f o r  example (which would only consume on average a few watts)  

could ' see '  Icarus  a t  a range of 1500 km, o r  10 c m  part ic les  a t  up to 12 k m  

range. 

F r o m  this graph it can be seen that an extremely useful experi-  

A 1 kw pulsed 

Below 10 c m  diameter ,  the particles no longer follow the s a m e  
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reflection laws, but i f  they occur with sufficient frequency, i. e. , small 

enough spacing, significant echoes will s t i l l  be obtained. A table of the 

capabilities of a r ada r  sys t em using 1000 W pulses is given in Table 3. 

There  seems  to  be no reason why this experiment could not a l t e r -  

natively be performed by a l a s e r  radar ,  with a possible saving in weight. 

A second al ternat ive is simply to scan with a small telescope, but in this 

case ,  the determination of the particle s i ze  would involve a sophisticated 

image tube plus a computing capability to  

a) sepa ra t e  the asteroids f r o m  the s te l la r  

b) es t imate  their  angular diameter  and 

back ground 

brightness 

Since no range information could be obtained with a single 

telescope, es t imates  of the s i ze  distribution would re ly  on the assumption 

that all as te ro ids  have the same albedo - an assumption which is known to 

be invalid. 

It is concluded that the most efficient, and economical method 

of studhing the l a rge  par t ic le  distribution i n  the belt  would be by a r ada r  

experiment  such as has  been described. The use of optical frequencies 

(i. e. l a s e r s )  would extend the range of observable par t ic les  down to the 

micron  region (22) . 
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APPENDIX I11 

TERMINAL AND MID-COURSE GUIDANCE 

Mid- Course Guidance 

A digital computer program has been developed to study the helio- 

centr ic  t ra jec tory  sensitivity to injection e r r o r s ,  and the resulting mid- 

course  A V  requirements.  The analysis i s  based on l inear  perturbations 

about a precomputed reference trajectory, and s ta t is t ical  covariance tech- 

niques. 

positional miss components (Ab 

and the approach velocity magnitude e r r o r  (AVHP) existing a t  the point where 

the perturbed approach t ra jec tory  to  the ta rge t  as te ro id  in te rsec ts  a hypo- 

thetical t a rge t  plane. 

the target  plane. 

ance e r r o r  computation. Following accepted procedure,  the target  plane 

moves along with the as te ro id  in i ts  orbit and is defined to  be normal  to  the 

re ference  asymptotic approach direction, 5. 

velocity correct ions a r e  considered. 

The four ta rge t  pa rame te r s  chosen to be investigated a r e  the two 

and AbR 1, the time-of-flight e r r o r  (ATF),  T 

R and T a r e  two mutually perpendicular axes  lying in 

Thei r  par t icular  orientation is of no importance for  guid- 

Two types of mid-course 

These a r e  (1)  terminal  position plus 

t ime -of -flight correct ion (FTA), and (2 )  correc t ion  of terminal  position only 

with minimum AV (VTA). The, la t ter  type of correct ion is included to 

charac te r ize  those missions that may allow variable t ime-of-arr ival  guidance. 

In neither case  is .the approach velocity explicitly controlled. 
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Results a r e  descr ibed he re  for  a 100 day Ea r th -Eros  t r i p  having 

a launch date 1/20/68. 

bolic excess  velocity a t  launch of 7. 8 km/sec, an inclination of 10. 8", a 

heliocentric t ransfer  angle of 9 1. 2", and a hyperbolic excess  velocity a t  

a r r i v a l  of 3. 7 6  km/sec.  

necessar i ly  typical o r  desirable,  but is used only as a representative example. 

Guidance resu l t s  fo r  a range of asteroid missions were shown in ea r l i e r  se'ctions 

of this report .  

The reference t ra jectory is charac te r ized  by a hyper-  

The point should be made that this t ra jectory is not 

The position e r r o r s  a t  injection a r e  assumed zero,  and the helio- 

centr ic  velocity e r r o r s  (equivalent to launch hyperbolic excess  velocity e r r o r s )  

a r e  assumed to be 10 meters / sec  RMS in each component, uncorrelated. 

These e r r o r  magnitudes a r e  equivalent to propagations of 4-5 mete r s / sec  

cut-off e r r o r s .  The result ing target  e r r o r s  (RMS) a r e  

AbT = 73, 300 km 

AbR = 53,  600 km 

A T F =  219 min. 

AVHP = 18. 4 m/sec. 

Assuming a single mid-course correction, F igu re  B shows the velocity 

increment required as a function of the t ime of correction. 

r e su l t  that the A V  

The cost  of the FTA correct ion is 19 m/sec a t  10 days o r  30. 6 m/sec at  

40 days. 

m e t e r s  pe r  second if var iable  t ime-of-arr ival  guidance is allowable. 

The expected 

cost  of guidance increases  with t ime is in evidence. 
C 

Note that the minimum AVc correction offers a saving of s eve ra l  
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The approach velocity e r r o r  remaining after the correct ion is 

shown in  Figure C. 

which is to  be expected inasmuch a s  the approach velocity and time-of-flight 

e r r o r s  a r e  fa i r ly  well correlated.  

significantly reduced f r o m  i t s  initial value of 18. 4 m/sec  even though this 

variable is not explicitly controlled. The t ime -of-flight e r r o r  remaining 

af te r  the minimum AV correct ion is s imilar  in i t s  charac te r i s t ics  to the 

velocity e r r o r ,  and var ies  between 190 and 201 minutes. 

This e r r o r  is largest  for the minimum AV correction, 
C 

One a l so  notes that the velocity e r r o r  is 

C 

Termina l  Guidance 

Figure D i l lustrates  the geometry of terminal  guidance maneuvers. 

The spacecraf t  approaches the target  with a velocity VHP, which remains 

essentially constant due to  the negligible gravitational field of the asteroid.  

The m i s s  distance b is the residual mid-course guidance position e r r o r .  

Correct ion of this e r r o r  with a minimum velocity impulse is accomplished 

by applying AVc normal  to  the line-of-sight (LOS). The minimum impulse 

is given by the relation 
l 

V H P .  b AV = 
C r 

The rat io  AV /VHP is plotted in Figure E as a function of the range a t  

which the impulse is applied and the miss  distance. F o r  example, a 3000 k m  

e r r o r  cor rec ted  at a range of 100, 000 k m  would requi re  a velocity increment 

equal to 3 per cent of the approach velocity. 

equal to  VHP would then be applied a t  close range to reduce the relative 

'motion to zero. Such a two-impulse terminal maneuver requires  a total 

C 

A second velocity increment 

velocity increment of 
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A V  2 

VHP 1 - (- c ,  < - 4 2  t A V  C 
l <  - VHP 

Hence, a maximum velocity penalty of 41 per  cent resu l t s  i f  the miss 

correct ion is made a t  the condition b/r = l/d-2. Obviously, this type of 
t 

t e rmina l  maneuver is not necessar i ly  optimum in an overall  sense. 

guidance policies should be examined, 

Other 

F o r  example, i f  the initial miss 

distance were  not too large,  say within 10, 000 km, one might defer action 

until the point of c losest  approach is reached, at  which t ime a velocity inc re -  

ment equal in magnitude and oppositely directed to  VHP would be applied. 

A second closing impulse would then be applied, followed by a third impulse 

of equal m-agnitude applied a t  close range. If the t ime required for closing 

were  not cr i t ical ,  the total velocity cost would be, . i n  the limit, equal to 

VHP. 

The basic navigational variables of interest  for  te rmina l  guidance 

a r e  easi ly  derived f r o m  the geometry. The following relations obtain, in 

two dimensions 

VHP sinL+ 

4 
- VHP b = r s i n 8  = 

where .8 is the LOS angle relative t o  the approach direction (fixed in iner t ia l  

space)  and 8 is the LOS rate. Mid-course guidance analysis  has  indicated 

that VHP is not exceptionally sensitive to  perturbations. Hence, r a the r  than 

attempting to measure  VHP, it may be sufficient to use i ts  predicted value 

in the computation of b. The range r is ve ry  useful navigational information, 

however, i t  is not s o  readily obtained. Active radar  sys tems normally r e -  

quire  ve ry  high power a t  long range and hence high weight. Apparent s ize  
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measurements  of an asteroid using optical techniques is made difficult by 

i t s  small s ize  and i r r egu la r  shape. This leaves the LOS angle and i t s  r a t e  

of change as logical candidates for measurement.  Pass ive  radar ,  optical, 

o r  i n f r a red  t r acke r s ,  ei ther gyro-stabilized o r  having r a t e  gyros mounted 

on a body-fixed platform, are possible choices for  determining this inform- 

ation. 

would view the ta rge t  as te ro id  against  a known s t a r  background. 

Another possibility would be a n  optical/television sys t em which 

Figure  F shows a plot of the LOS r a t e  as a function of range and 

miss distance for  an  approach velocity of 10 km/sec. 

the relatively small angular r a t e s  that a r e  involved. F o r  example, i f  b is 

10,000 k m  8 var ies  f r o m  to radians/sec as r decreases  f r o m  

100, 000 km. Since 8 is directly proportional to b and VHP, even smailer 

r a t e s  may be in effect. 

networks, however, noise is apt to  be a very  difficult problem to overcome. 

It is evident that  this area of LOS and LOS rate measurement  techniques 

needs a much c loser  examination. 

This figure indicates 

Rate information could be derived f r o m  differentiating 
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